
C
I
P
M

B
a
M
i
r
R
h
t
a
h
a
e
d
n
C
i

K
m

D
t
a
a
p
w
m
w

p
e
s
e
u
f
e
a
r
2
d
r
r

F

A

R

0
d

hronic Olanzapine or Fluoxetine Administration
ncreases Cell Proliferation in Hippocampus and
refrontal Cortex of Adult Rat

asafumi Kodama, Takashi Fujioka, and Ronald S. Duman

ackground: There has been increasing evidence that atypical antipsychotics are effective in the treatment of mood disorders or for
ugmenting 5-hydroxytryptamine selective reuptake inhibitors for treatment-resistant depression.
ethods: Upregulation of neurogenesis in the adult hippocampus is a marker of antidepressant activity, and the present study

nvestigated the influence of the atypical antipsychotic drug olanzapine on cell proliferation in the hippocampus of adult rat. The
egulation of cell proliferation in the prelimbic cortex of adult rat was also examined.
esults: Chronic (21 days) olanzapine administration increased the number of newborn cells in the dentate gyrus of the
ippocampus to the same extent as fluoxetine. Olanzapine or fluoxetine treatment also increased the number of proliferating cells in

he prelimbic cortex. In contrast, there was no effect of either drug in the subventricular zone or primary motor cortex, and there was
trend for an increase in the striatum. Subchronic (7 days) administration of olanzapine had no effect on cell proliferation in

ippocampus or prelimbic cortex, consistent with the time course for the effect of fluoxetine and the therapeutic actions of
ntidepressant treatment. The combination of olanzapine plus fluoxetine did not result in a greater induction of cell proliferation in
ither brain region. Analysis of the cell phenotype demonstrated that approximately 20% of the newborn cells in the prelimbic cortex
ifferentiated into endothelial cells but not neurons, in contrast to the dentate gyrus, where most newborn cells differentiated into
eurons.
onclusions: The results demonstrate that antidepressant or atypical antipsychotic medications can increase the proliferation of glia
n limbic brain structures, an effect that could reverse the loss of glia that has been observed in depressed patients.
ey Words: Antidepressant, atypical antipsychotic, endothelial,
ood disorder, neurogenesis

epression is one of the most debilitating and common
psychiatric diseases and is reported to have a life-time
expectancy of up to 20% (Blazer 2000). Several different

ypes of treatment are commonly used, including chemical
ntidepressants, electroconvulsive seizures, and behavioral ther-
py, that result in successful treatment of approximately 80% of
atients; however, there is still a significant number of patients
ho are not responsive to any of the currently available treat-
ents, and those who do respond often have to wait several
eeks or months to experience a therapeutic response.
For those who derive little benefit from conventional antide-

ressant strategies, novel treatments are being developed. Sev-
ral clinical studies have reported that atypical antipsychotics,
uch as olanzapine, risperidone, quetiapine, and clozapine, are
ffective for the treatment of bipolar disorder, as well as for
nipolar depression, particularly in depression with psychotic
eatures (Ghaemi and Goodwin 1999; Rothchild 2003; Sajatovic
t al 2002). Furthermore, augmenting an antidepressant by
ddition of an atypical antipsychotic has produced striking
esults (Hirose and Ashby 2002; Ostroff and Nelson 1999; Shelton
003; Shelton et al 2001). Shelton et al’s double-blind study of
epressed patients without psychotic symptoms who did not
espond to a 5-hydroxytryptamine (5-HT, serotonin) selective
euptake inhibitor (SSRI) demonstrates that the addition of an
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atypical antipsychotic (i.e., fluoxetine plus olanzapine) produced
an effect in as little as 1 week that was sustained over the 8-week
treatment period (Shelton et al 2001). Atypical but not typical
antipsychotics are also reported to have antidepressant effects in
a behavioral model of depression (Weiner et al 2003).

The mechanisms underlying the antidepressant and/or aug-
menting effects of atypical antipsychotics are still unclear. Studies
of neurotransmitter release with microdialysis have demon-
strated that acute olanzapine significantly increases both dopa-
mine and norepinephrine levels in rat prefrontal cortex, nucleus
accumbens, and striatum, and the combination of olanzapine
plus fluoxetine produces a greater increase in levels of dopamine
and norepinephrine in the rat prefrontal cortex than fluoxetine
alone (Kuroki et al 1999; Li et al 1998; Zhang et al 2000);
however, the adaptations that occur in response to repeated drug
treatment and that underlie the long-term actions of atypical
antipsychotic drugs have not been determined.

Recent studies demonstrate that chronic but not acute antide-
pressant treatment increases levels of neurogenesis in the adult
hippocampus (Czeh et al 2001; Madsen et al 2000; Malberg et al
2000; Manev et al 2001; see Duman 2004). Moreover, blockade of
neurogenesis with either a mutant mouse approach or by
irradiation blocks the effects of antidepressant treatment in
behavioral models (Santarelli et al 2003). The relevance of
neurogenesis to stress-related mood disorders is further sup-
ported by studies demonstrating that stress or corticosterone
treatment decreases neurogenesis (Czeh et al 2001; Gould et al
1997; McEwen 1999). Finally, antidepressant treatment reverses
or blocks the effects of stress on adult neurogenesis (Czeh et al
2001; Malberg and Duman 2003; van der Hart et al 2002).

The possibility that decreased neurogenesis as well as atrophy
or remodeling of other hippocampal neurons is relevant to the
pathophysiology of depression (see Duman 2004; McEwen 1999)
is supported by clinical studies demonstrating that the volume of
the hippocampus is decreased in patients with depression or

posttraumatic stress disorder (PTSD) (Bremner et al 1995; Manji

BIOL PSYCHIATRY 2004;56:570–580
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t al 2001; Sheline et al 1996). Post hoc and longitudinal studies
lso demonstrate that antidepressant treatment blocks or even
everses the atrophy of hippocampus in patients with depression
r PTSD (Sheehan et al 2003; Vermetten et al 2003). Although
here are insufficient data to know whether altered neurogenesis
ccounts for the changes observed in depressed or PTSD pa-
ients, the results are consistent with the ability of stress and
ntidepressant treatment to regulate adult neurogenesis in the
ippocampus.

In addition to alterations of the hippocampus, brain imaging
nd postmortem studies demonstrate a decrease in the volume of
ubregions of the prefrontal cortex (Manji et al 2001; Nestler et al
002). Moreover, morphometric analysis of postmortem brain
amples demonstrates a reduction in neuronal body size and
umber of glia in subgenual prefrontal cortex, rostral orbitofron-
ral cortex, and cingulate cortex (Cotter et al 2001; Ongur et al
998; Rajkowska et al 1999). Because neurogenesis in adult brain
s observed primarily in selected regions, including the subven-
ricular zone and the hippocampus, it probably does not con-
ribute to the altered volumetric changes observed in cortical
egions of depressed patients; however, it is possible that
ntidepressant treatment influences the proliferation of nonneu-
onal cells, such as glia.

The current study was undertaken to test the hypothesis that
n atypical antipsychotic drug, olanzapine, can increase neuro-
enesis in the adult rodent hippocampus or augment the effects
f fluoxetine. In addition, the influence of both olanzapine and
luoxetine on cell proliferation in the prelimbic brain region was
etermined.

ethods and Materials

nimals
Male Sprague-Dawley rats (Charles River, Wilmington,

assachusetts) weighing 250–300 g were housed under a 12-
our light/12-hour dark cycle (lights on at 7:00 AM, lights off at
:00 PM) and at constant temperature (25°C) and humidity and
llowed free access to food and water. Animal use procedures
ere in accordance with the National Institutes of Health Guide

or the Care and Use of Laboratory Animals and were approved
y the Yale University Animal Care and Use Committee.

rug Treatment Protocols
For chronic drug treatments, rats were administered fluox-

tine (5 mg/kg/day) or saline by intraperitoneal (IP) injection
nce daily and olanzapine (.5 or 2 mg/kg/day) or vehicle in the
rinking water for 21 days (vehicle-treated control, fluoxetine,
nd olanzapine alone at either .5 or 2 mg/kg/day) plus the
ombination of fluoxetine and olanzapine (.5 mg/kg) (see Figure
). For combination treatment, a dose of .5 mg/kg/day olanzap-
ne was chosen because fluoxetine is known to interfere with the
etabolism of olanzapine and raise the blood levels by up to
–6 times (F. Bymaster, Eli Lilly and Company, personal com-
unication). Olanzapine was dissolved in .01 N hydrochloric

cid (HCl), then adjusted back to pH 6 with 1 N sodium
ydroxide to make the stock solution of 3 mg/mL concentration.
he same amount of vehicle solution was added to the water for
he control animals. Fluid intake was measured three times per
eek, and drinking bottles were replenished with fresh drug

olution. There were no differences in fluid intake among the
reatment groups. For subchronic treatment, drugs were admin-

stered exactly the same way but for a total period of 7 days.
Bromodeoxyuridine Administration
For proliferation studies, rats were administered 150 mg/kg

bromodeoxyuridine (BrdU; Sigma, St. Louis, Missouri) by IP
injection 3 hours after the last drug injection and/or removal of
the drinking bottles. Twenty-four hours after the BrdU injection,
rats were anesthetized by 400 mg/kg chloral hydrate and tran-
scardially perfused with .1 mol/L cold phosphate-buffered saline
(PBS) for 5 min, followed by 4% cold paraformaldehyde plus PBS
for 20 min. For the survival and differentiation study, rats were
administered 100 mg/kg BrdU injection once daily each of the
last 3 days of the 21-day drug treatment and then allowed to
survive for 28 days after the last BrdU injection. Animals were
then anesthetized and perfused exactly as described above.

Immunohistochemistry
After perfusion, all brains were postfixed overnight in 4%

paraformaldehyde in PBS at 4°C and stored in 30% sucrose PBS
at 4°C. Serial sections of the brains (40-�m thickness) were cut
on a freezing microtome, and sections were stored in PBS.
Free-floating sections were subjected to deoxyribonucleic acid
denaturation by incubation for 2 hours in 50% formamide/2�
standard saline citrate (SSC) at 65°C, followed by a 2� SSC rinse.
Sections were then incubated for 30 min in 2 N HCl, PBS, and
then 10 min in .1 mol/L boric acid, pH 8.5. Sections were
incubated for 30 min in 3% hydrogen peroxide to eliminate
endogenous peroxidases. After washing in PBS twice, they were
incubated with blocking buffer (3% normal horse serum in .3%
Triton X-100, PBS) for 30 min. Then, cells were incubated with
mouse anti-BrdU (1:100; Becton Dickinson, San Jose, California)
with blocking buffer overnight at 4°C. Sections were then
incubated for 1 hour with biotinylated horse antimouse antibody
(Vector Laboratories, Burlingame, California) with blocking
buffer, followed by amplification with an avidin-biotin complex
(Vector Laboratories), and cells were visualized with diamino-

Figure 1. Time schedule for drug and bromodeoxyuridine (BrdU) adminis-
tration. For the studies of cell proliferation, animals were administered flu-
oxetine or olanzapine for 21 (chronic) or 7 (subchronic) days. Three hours
after the last drug administration, animals were administered BrdU (150
mg/kg) and killed (X) 24 hours later. For the survival and differentiation
study, animals were administered BrdU (100 mg/kg) once daily for the last 3
days of the 21-day drug treatment and then allowed to survive for 28 days
after the last BrdU injection.
benzadine with a light microscope (Vector Laboratories).

www.elsevier.com/locate/biopsych
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For double and triple labeling, brain sections were incubated
for 30 min with 2 N HCl, PBS. After washing twice in PBS,
sections were incubated in blocking buffer (3% normal goat
serum, .3% Triton X-100, PBS). Sections were then incubated for
2 days at 4°C with rat anti-BrdU (1:100; Accurate; Harlan Olac,
Bicester, United Kingdom) and one or two of the following:
mouse antineuronal nuclei (NeuN) (1:200; Chemicon, Temecula,
California), rabbit anti-S100� (1:100; Dako, Glostrup, Denmark),
mouse anti-O4 (1:200; Chemicon), and/or mouse antirat endo-
thelial cell antigen-1 (RECA-1) (1:500; Serotec, Oxford, United
Kingdom). The secondary antibodies were Alexa Fluor 488 goat
antimouse (1:200), Alexa Fluor 546 goat antirat (1:200), and
Alexa Fluor 633 goat antirabbit (1:200) (Molecular Probes, Eu-
gene, Oregon) and were applied for 1 hour and visualized with
confocal Z-plane sectioning by a Zeiss LSM 510 (Carl Zeiss, Jena,
Germany).

Quantitation of BrdU Labeling
An experimenter blinded to the identity of the sections

counted BrdU-labeled cells. To distinguish single cells within
clusters, all counts were performed at 400� and 1000� under a
light microscope (Olympus CH30; Olympus, Tokyo, Japan). For
cell counting in the dentate gyrus, every 10th section throughout
the whole hippocampus was processed for BrdU immunohisto-
chemistry. A cell was counted as being in the subgranular zone
of the dentate gyrus if it was touching or in the subgranular zone,
which was defined as the cell layer located between the granule
cell layer and the hilus. For other brain regions, every sixth
section was collected and immunostained through the following
brain positions: from 3.70 mm to 2.20 mm from Bregma for
prelimbic cortex and primary motor cortex and from 1.20 mm to
�.26 mm from Bregma for subventricular zone and striatum
(Paxinos and Watson 1997) (Figures 3A, 4A). This method
resulted in at least six sections for every brain region examined.
For cell counting in the prelimbic cortex, primary motor cortex,
and striatum, a 1 � 1-mm square scale was set on a specific
region. All positive cells within the square scale were counted
under high magnification. Cell counting for the subventricular
zone was performed with a .1 � .1-mm square scale placed on
the lateral wall of the lateral ventricle, owing to the small size and
relatively large number of labeled cells in this region.

For double and triple labeling, slices were analyzed on a
confocal microscope (Zeiss Axiovert LSM510). At least 50 (den-
tate gyrus) or 25 (prelimbic cortex) BrdU-positive cells per
animal were analyzed with Z-plane sectioning (1-�m steps) to
confirm the colocalization of both BrdU and the phenotypic
markers for neurons (NeuN), glia (S100�), oligodendrocites (04),
or endothelial cells (RECA-1).

Statistical Analysis
The differences among groups were analyzed by analysis of

variance (ANOVA), followed by the Fisher’s protected least
significant difference (PLSD). The level of statistical significance
was set at p � .05.

Results

Chronic Administration of Olanzapine or Fluoxetine Increases
Cell Proliferation in the Hippocampus

Bromodeoxyuridine was administered to control or drug-
treated animals, and 24 hours later rats were anesthetized and
perfused for immunohistochemical analysis. Representative sec-
tions of BrdU immunohistochemistry for the dentate gyrus are
igure 2. Chronic olanzapine (OLZ) or fluoxetine (FLX) administration in-
reases the number of bromodeoxyuridine (BrdU)-labeled cells in the den-
ate gyrus of adult hippocampus. Rats were administered OLZ (.5 or 2.0

g/kg), FLX (5 mg/kg), or the combination of OLZ � FLX (.5 and 5 mg/kg,
espectively) once daily for 21 days. Rats were administered BrdU (150

g/kg) 3 hours after the last drug treatment and killed 24 hours later for
rdU immunohistochemical analysis. Upper panels show representative
rdU-labeled sections from (A) control and (B) OLZ � FLX-treated animals.
he granule cell layer (GCL), subgranular zone (SGZ), and hilus are indicated.
he photomicrograph insert in B shows a higher magnification of a group
f closely apposed BrdU-positive cells. Scale bar � 100 �m. The number of
rdU-positive cells in the dentate gyrus was determined with a stereologic
rocedure, and the results are shown in the lower panels. (C) Effects of
ifferent doses of OLZ. (D) Effects of FLX and the combination of OLZ � FLX.
alues are expressed as mean � SEM. Results were subjected to statistical
nalysis. *p � .05 (analysis of variance and Fisher’s post hoc test).
shown in Figure 2A and B. A number of BrdU-positive cells are
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seen along the subgranular zone. At this or earlier time points,
BrdU-positive cells are often observed in clusters (see insert,
Figure 2B).

The effect of low and high doses of olanzapine administered
for 21 days on the cell proliferation in the dentate gyrus is shown
in Figure 2C. The high dose (2 mg/kg) of olanzapine significantly
increased the number of positive cells (reported throughout as
mean � SEM) in the dentate gyrus compared with the control
group (p � .0139, Fisher’s PLSD), whereas the low dose (.5
mg/kg) had no significant effect [control, 6910 � 300; olanzapine
.5 mg/kg, 7270 � 260; olanzapine 2.0 mg/kg, 8440 � 650; n �
10, 6, and 6, respectively; F (2,19) � 3.757; p � .0422]. The effect
of olanzapine plus fluoxetine, as well as fluoxetine alone on
proliferation in the dentate gyrus is shown in Figure 2D [control,
6910 � 300; fluoxetine 5 mg/kg, 8340 � 302; fluoxetine 5 mg/kg
� olanzapine .5 mg/kg, 8260 � 280; n � 10, 11, and 10,
respectively; F (2,28) � 7.053; p � .0033]. Fluoxetine alone
increased cell proliferation in the dentate gyrus (p � .0021,
Fisher’s PLSD), which is consistent with previous reports (Mal-
berg et al 2000; Manev et al 2001; Santarelli et al 2003).
Coadministration also significantly increased the number of
BrdU-positive cells compared with the control group (p � .0040,
Fisher’s PLSD); however, there was no effect of the combination
of fluoxetine plus olanzapine on cell number relative to fluox-
etine alone.

Chronic Administration of Olanzapine or Fluoxetine Increases
Cell Proliferation in the Prelimbic Cortex

Representative sections of BrdU immunohistochemistry of the
prelimbic cortex are shown in Figures 3B and C. Figure 3A
demonstrates the regions of prelimbic and primary motor cortex
where BrdU-positive cells were quantified (Paxinos and Watson
1997). The density of BrdU-positive cells in these regions is much
lower than in the subgranular zone of the dentate gyrus. It is
often seen that two BrdU-positive cells are located side by side
(insert, Figure 3C). The number of BrdU-positive cells per square
millimeter in the prelimbic cortex of the different treatment
groups is shown in Figure 3D [control, 4.10 � .79; fluoxetine 5
mg/kg, 7.57 � .36; olanzapine 2 mg/kg, 6.24 � .74; fluoxetine 5
mg/kg � olanzapine .5 mg/kg, 7.23 � .27; n � 5 per group;
F (3,15) � 7.033; p � .0036].

Chronic administration of fluoxetine alone significantly in-
creased the density of BrdU-positive cells in the prelimbic cortex,
185% relative to vehicle (p � .0007, Fisher’s PLSD). Furthermore,
olanzapine alone also enhanced the density of BrdU-positive
cells, by 156% (p � .0195, Fisher’s PLSD). The effect of the

Figure 3. Chronic administration of olanzapine (OLZ) or fluoxetine (FLX)
increases bromodeoxyuridine (BrdU)-labeled cells in the prelimbic cortex of
rat brain. Rats were administered FLX (5 mg/kg), OLZ (2.0 mg/kg), or the
combination of FLX � OLZ (5.0 and .5 mg/kg, respectively) for 21 days. Rats
were then administered BrdU (150 mg/kg) 3 hours after the last drug treat-
ment and killed 24 hours later for BrdU immunohistochemistry. (A) Cortical
regions of interest on a series of plates from Paxinos and Watson 1997. The
gray and black squares display 1 � 1-mm region for prelimbic cortex and
primary motor cortex, respectively. (B, C) Representative BrdU-labeled sec-
tions of the prelimbic cortex from (B) control and (C) OLZ � FLX. Arrows
indicate BrdU-labeled cells. The photomicrograph insert in C shows a high-
power magnification of BrdU-labeled cells. Scale bar � 100 �m. The number
of BrdU-positive cells was determined by stereologic analysis throughout
the regions indicated in A, and the results are expressed as the number of
cells per square millimeter for (D) prelimbic and (E) primary motor cortex.
Values are expressed as mean � SEM. Results were subjected to statistical
analysis. *p � .05 (analysis of variance and Fisher’s post hoc test).
4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
combination of fluoxetine and olanzapine did not differ from the

www.elsevier.com/locate/biopsych
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w

luoxetine-alone group. The number of BrdU-positive cells per
quare millimeter in the primary motor cortex is shown in Figure
E (control, 4.04 � .90; fluoxetine 5 mg/kg, 4.25 � .32; olanza-
ine 2 mg/kg, 3.83 � .28; fluoxetine 5 mg/kg � olanzapine .5
g/kg, 4.36 � .31; n � 5 per group). There was no significant
ifference among the four treatment groups in this region. This
uggests that the increase in the density of BrdU-positive cells in
he prelimbic cortex is specific to this brain area; however, the
rea analyzed in these two regions contains different layers of
ortex, owing to the structure of prelimbic cortex and the size of
he counting area. Prelimbic cortex includes layers I–VI, whereas
otor cortex includes layers I–IV. It is possible that this could

nfluence the outcome in the motor cortex, and this must be
xamined in future studies.

To determine whether cell proliferation in other brain regions
s affected by fluoxetine or olanzapine, the striatum and subven-
riclar zone were examined. Striatum is another brain region
here a reduction in volume has been reported in clinical

maging studies (Krishnan et al 1992; Parashos et al 1998), and
he subventricular zone is the other major neurogenic zone of the
dult brain. Representative BrdU immunohistochemical stained
ections of the striatum are shown in Figures 4B and C. The
umbers of BrdU-positive cells per square millimeter of the
triatum are shown in Figure 4F (control, 3.23 � .67; fluoxetine
mg/kg, 3.49 � .31; olanzapine 2 mg/kg, 4.24 � .87; fluoxetine
mg/kg � olanzapine .5 mg/kg, 4.30 � 1.20; n � 5 per group).
here was no significant difference between the four groups
ested.

Representative sections of BrdU immunohistochemistry of the
ubventricular zone are shown in Figure 4D and E. The density
f BrdU-positive cells in the subventricular zone is much greater
han in any of the other brain regions examined, including the
ippocampus. The number of BrdU-positive cells per square
illimeter in the subventricular zone is shown in Figure 4G

control, 31.16 � 4.38; fluoxetine 5 mg/kg, 28.83 � 2.78;
lanzapine 2 mg/kg, 31.02 � 1.68; fluoxetine 5 mg/kg �
lanzapine .5 mg/kg, 31.10 � 1.76; n � 5 per group). As was
bserved in the striatum, there was no significant difference in
he number of BrdU-labeled cells in the subventricular zone. This
s consistent with a previous a report from this laboratory on the
ctions of fluoxetine (Malberg et al 2000).

nfluence of Subchronic Olanzapine and Fluoxetine on Cell
roliferation in the Dentate Gyrus and Prelimbic Cortex

To determine whether the combination of fluoxetine and
lanzapine has a more rapid effect on cell proliferation than
ither treatment alone, the influence of 1-week coadministration
as examined (Figure 5). The number of BrdU-positive cells in

he dentate gyrus was not significantly different between the
luoxetine or olanzapine-alone groups and the control group.
here was also no significant effect of the combination of
luoxetine plus olanzapine (control, 6620 � 27; fluoxetine 5
g/kg, 6110 � 37; olanzapine 2 mg/kg, 6900 � 53; fluoxetine 5
g/kg � olanzapine .5 mg/kg, 6830 � 28; n � 6 per group)

Figure 5A).
In the prelimbic cortex, where chronic treatment with either

luoxetine or olanzapine enhanced cell proliferation, there was
lso no difference among four groups after subchronic treatment
BrdU-positive cells per square millimeter: control, 5.59 � .32;
luoxetine 5 mg/kg, 6.59 � .72; olanzapine 2 mg/kg, 7.16 � .71;
luoxetine 5 mg/kg � olanzapine .5 mg/kg, 7.09 � .84; n � 6 per

roup) (Figure 5B).

ww.elsevier.com/locate/biopsych
Figure 4. Chronic administration of olanzapine (OLZ) or fluoxetine (FLX)
does not influence the number of bromodeoxyuridine (BrdU)-labeled cells
in the subventricular zone (SVZ) or the striatum of rat brain. Rats were
administered FLX (5 mg/kg), OLZ (2.0 mg/kg), or the combination of FLX �
OLZ (5.0 and .5 mg/kg, respectively) for 21 days. Rats were then adminis-
tered BrdU (150 mg/kg) 3 hours after the last drug treatment and killed 24
hours later for BrdU immunohistochemistry. (A) Regions of interest on a
series of plates from Paxinos and Watson 1997. The black square indicates
the striatum (B, C, F) (1 � 1 mm) and the gray square indicates the SVZ of the
lateral ventricle (D, E, G) (.1 � .1 mm). (B–E) Representative BrdU-labeled
sections of the (B, C) striatum and (D, E) SVZ. Scale bar � 50 �m. The number
of BrdU-positive cells was determined by stereologic analysis throughout
the regions indicated in A, and the results are expressed as the number of
cells per square millimeter for (F) striatum and (G) SVZ. Values are expressed
(analysis of variance and Fisher’s post hoc test).
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nfluence of Olanzapine and Fluoxetine Administration on the
urvival of BrdU-Labeled Cells

To determine whether the newborn cells in the dentate gyrus
nd prelimbic cortex survive after chronic fluoxetine or olanza-
ine administration, the number of BrdU-positive cells was
xamined 28 days after drug treatment and BrdU administration.
he effect in the dentate gyrus is shown in Figure 6A [control,
730 � 720; fluoxetine 5 mg/kg, 9590 � 630; olanzapine 2
g/kg, 9040 � 600; fluoxetine 5 mg/kg � olanzapine .5 mg/kg,

630 � 1070; n � 6 per group; F (3,20) � 3.122; p � .0489].
luoxetine or olanzapine alone significantly increased the num-
er of surviving cells in the subgranular zone (p � .0169 and
0481, respectively, Fisher’s PLSD). Although the combination of
luoxetine and olanzapine increased the BrdU-positive cells
ompared with the control group (p � .0157, Fisher’s PLSD), it
id not increase the cell survival to a greater extent than either
reatment alone. These findings are consistent with the results
bserved 24 hours after BrdU administration, indicating that the
ewborn cells survive for at least 28 days after proliferation.

Figure 6B shows the number of BrdU-positive cells in the
relimbic cortex 28 days after drug and BrdU treatment. In
ontrast to the dentate gyrus, there was no difference among the

igure 5. Subchronic (1 week) administration of fluoxetine (FLX) or olanza-
ine (OLZ) does not influence the number of bromodeoxyuridine (BrdU)-

abeled cells in the hippocampus or prelimbic cortex. Rats were adminis-
ered FLX and OLZ and then BrdU exactly as described in Figures 2– 4 and

ethods and Materials. The number of BrdU-positive cells was determined
n (A) the dentate gyrus of the hippocampus and (B) the prelimbic cortex.
ats were killed 24 hours after BrdU injection. Values are expressed as (A) the
otal numbers of cells per hippocampus or (B) per square millimeter of the
rea quantified in the prelimbic cortex and are the mean � SEM. Results
ere subjected to statistical analysis. *p � .05 (analysis of variance and

isher’s posthoc test).

igure 6. Effect of chronic fluoxetine (FLX) and/or olanzapine (OLZ) treat-
ent on the survival of bromodeoxyuridine (BrdU)-positive cells in the (A)

entate gyrus and (B) prelimbic cortex. Rats were administered FLX and/or
LZ, exactly as described in Figures 2– 4 and Methods and Materials. For this
xperiment, animals received BrdU (100 mg/kg) for the last three drug
reatment days and were killed 28 days after the last injection. The number
f BrdU-positive cells was determined in the dentate gyrus of the (A) hip-
ocampus or (B) prelimbic cortex. Values are expressed as (A) the total
umbers of cells per hippocampus or (B) per square millimeter of the area
uantified in the prelimbic cortex and are the mean � SEM. Results were
ubjected to statistical analysis. *p � .05 (analysis of variance and Fisher’s

ost hoc test).
four groups in this region (control, 11.19 � 1.18; fluoxetine 5
mg/kg, 10.69 � 1.14; olanzapine 2 mg/kg, 11.39 � .70; fluox-
etine 5 mg/kg � olanzapine .5 mg/kg, 11.62 � .87; n � 6 per
group). This means that the effect of increased proliferation that
was seen immediately after chronic fluoxetine and olanzapine
administration was reversed after 28 days.

Characterization of the Phenotype of BrdU-Labeled Cells
To determine the phenotype of newborn cells in the dentate

gyrus granule cell layer, colabeling with a neuronal marker
(NeuN), an astrocyte marker (S100�), and BrdU was conducted.
Representative sections that were triple-labeled with anti-NeuN,
S100�, and BrdU antisera are shown in Figure 7. The majority of
BrdU-positive cells in the granule cell layer of dentate gyrus were
colabeled with NeuN, consistent with previous reports (Malberg
et al 2000; Nakagawa et al 2002). The effect of chronic drug
treatment on the phenotype of BrdU-positive cells is shown in
Table 1. Please note that the phenotyping was of cells located in
the dentate gyrus granule cell layer where there is a higher
percentage of neurons than in the hilus (Malberg et al 2000). The
percent of NeuN or S100� and BrdU double-labeled cells was not
changed by either fluoxetine or olanzapine or by coadministra-
tion of these two drugs.

We also determined the phenotype of the BrdU-positive cells
in the prelimbic cortex by triple-labeling with anti-NeuN and
anti-S100� antibodies (Figure 7 E-H). No BrdU positive cells
were colabeled with NeuN, indicating that there are no new
neurons in the cerebral cortex. BrdU positive cells were often
observed close to or touching NeuN positive cells, as previously
reported (Gould et al 2001). Very few BrdU positive cells were
colabeled with S100� (Table 1). Only three S100� and BrdU
double-labeled cells were observed in a total of 607 BrdU
positive cells examined in all four treatment groups. Double
labeling was also conducted with a marker for oligodendrocytes
(O4) or endothelial cells (RECA-1) and BrdU (Figure 7I and 7J).
Few BrdU-positive cells expressed the oligodendrocyte marker
(Table 1), with only 4 out of 616 BrdU-positive cells in all groups
demonstrating colabeling in the prelimbic cortex. In contrast,
there was a higher number (approximately 20%) of BrdU-
positive cells that were colabeled with the RECA-1 antibody. The
number of RECA-1/BrdU doubled-labeled cells was not altered
by chronic drug treatment (Table 1).

Discussion

The results of this study extend previous work on the
regulation of cell proliferation by antidepressant treatments with
two significant findings. First, the results demonstrate that an
atypical antipsychotic drug used alone or for augmentation
therapy of depressed patients increases neurogenesis in the adult
hippocampus, similar to antidepressant drug treatments. Second,
the results show that administration of an SSRI or an atypical
antipsychotic increases cell proliferation in the prelimbic cortex,
a region where reduced volume and decreased cell number have
been reported in brain imaging and postmortem studies of
depressed patients.

Olanzapine and Increased Neurogenesis in the Hippocampus
The upregulation of neurogenesis in the adult hippocampus

in response to olanzapine was observed after chronic (21 days)
but not subchronic (7 days) administration, consistent with the
time course for fluoxetine in the current study and other antide-
pressants in previous reports (Malberg et al 2000; Manev et al

2001; Santarelli et al 2003). Coadministration of fluoxetine and

www.elsevier.com/locate/biopsych



o
e
a
a
d
e
n
h
a

a
t
d
(
e
a
d

F
fl )
f
s ,
a
m s
t
r /
O )
a ts to s
e result

576 BIOL PSYCHIATRY 2004;56:570–580 M. Kodama et al

w

lanzapine did not result in a greater upregulation of neurogen-
sis in the hippocampus than that observed with either drug
lone, suggesting that these two agents might be acting through
similar downstream mechanism. The combination of these two
rugs also did not result in a more rapid induction of neurogen-
sis after 7 days of administration. Olanzapine administration did
ot significantly influence the percent of neurons and glia in the
ippocampus, as observed with fluoxetine and other types of
ntidepressants (Malberg et al 2000).

Previous studies on the regulation of neurogenesis by typical
nd atypical antipsychotic drugs have been mixed. Studies of a
ypical antipsychotic, haloperidol, report that a low to moderate
ose does not influence neurogenesis in the adult hippocampus
Halim et al 2004; Malberg et al 2000; Wakade et al 2002; Wang
t al 2004) (Table 2). Another study has reported that haloperidol
dministration increases the number of BrdU-positive cells in the
entate gyrus, although the dose of haloperidol was higher (5

Table 1. Percentages of Colocalization of Phenotyp

Dentate Gyrus

NeuN S100

Control 87.9 1.01
Fluoxetine 88.5 1.01
Olanzapine 88.7 .67
Fluoxetine � Olanzapine 93.3 1.33

igure 7. Characterization of the phenotype of bromodeoxyuridine (BrdU)
uoxetine (FLX) and olanzapine (OLZ) exactly as described in Figures 2– 4 an

or the last three drug treatment days and were killed 28 days after the l
ubjected to immunohistochemical analysis with phenotypic markers for gl
s well as BrdU. Representative confocal micrographs are shown for labelin
erge of all three labels (D, H). In the hippocampus, an arrow indicates a Br

o a BrdU(�)/NeuN(�)/S100�(�) cell in the hilus (C, D). In the prefrontal co
epresentative section of the prefrontal cortex that is double-labeled for th
4(�) cell; arrowhead points to an O4(�) cell. (J) A representative section of
nd BrdU (red). Arrow indicates a BrdU(�)/RECA-1(�) cell; arrowhead poin
xpressing a specific phenotypic marker and BrdU was conducted, and the
NeuN, mouse antineuronal nuclei; RECA-1, mouse ant

ww.elsevier.com/locate/biopsych
mg/kg), gerbils were used instead of rats, and the dose of BrdU
was lower (50 mg/kg) (Dawirs et al 1998) (see Cameron and
McKay 2001 for cell labeling with different doses of BrdU). A
study of atypical antipsychotics (olanzapine and risperidone)
reported a small but nonsignificant increase in the number of
BrdU-labeled cells in the hippocampus (Wakade et al 2002). The
numbers of animals tested (n � 3) was relatively small and was
insufficient for statistical significance. Two reports published
since the manuscript for this report was submitted demonstrate
that chronic olanzapine (Wang et al 2004) or clozapine (Halim et
al 2004) treatment have similar effects on cell proliferation in the
dentate gyrus, although the dose used for olanzapine (10 mg/kg)
was substantially higher than that used in the current study.

The molecular mechanisms underlying the upregulation of
neurogenesis in hippocampus by olanzapine are not known.
Olanzapine and other atypical antidepressants are reported to be
functional agonists of 5-HT1A receptors and to antagonize 5-HT2A

rkers with Bromodeoxyuridine

Prelimbic Cortex

NeuN S100� O4 RECA-1

0 0 0 18.2
0 .67 .66 16.7
0 1.33 .64 18.2
0 0 1.92 14.1

ive cells in the hippocampus and prefrontal cortex. Rats were administered
thods and Materials. For this experiment, animals received BrdU (100 mg/kg
jection. Sections from hippocampus (A–D) or prefrontal cortex (E–J) were
00�), neurons (NeuN), oligodendrocytes (04), and endothelial cells (RECA-1)
A, E) S100� (blue), (B, F) NeuN (green), and (C, G) BrdU (red), as well as the
)/NeuN(�)/S100�(�) cell in the subgranular zone, and an arrowhead point
arrows indicate BrdU-positive cells close to a NeuN-positive cell (G, H). (I) A
odendrocyte marker O4 (green) and BrdU (red). Arrow indicates a BrdU(�)
efrontal cortex double-labeled for the endothelial cell marker RECA-1 (green
a BrdU(�)/RECA-1(�) cell. Quantitative analysis of the percentage of cell
s are shown in Table 1. Scale bar � 10 �m.
ic Ma
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eceptors (see Marek et al 2003; Meltzer et al 2003). Both of these
eceptors have been positively linked to the regulation of
eurogenesis in the hippocampus (Banasr et al 2004; Santarelli et
l 2003). Atypical antipsychotic drugs are also reported to
nfluence growth factor systems in the brain, including nerve
rowth factor and fibroblast growth factor 2 and could influence
ippocampal neurogenesis in this manner (Li et al 1999; Riva et
l 1999).

The effects of olanzapine on hippocampal neurogenesis are
imilar to the actions of fluoxetine, an SSRI, as well as several
ther classes of antidepressants, including norepinephrine selec-
ive reuptake inhibitors, monoamine oxidase inhibitors, and
lectroconvulsive seizures (Madsen et al 2000; Malberg et al
000; Manev et al 2001; Santarelli et al 2003; see Duman 2004). A
ecent study has demonstrated that blockade of neurogenesis by
ocused irradiation or use of a mutant mouse model blocks the
ffects of antidepressants in two behavioral models, novelty
uppressed feeding and chronic mild stress (Santarelli et al 2003).
ncreased hippocampal neurogenesis could increase certain as-
ects of hippocampal function relevant to mood disorders,

ncluding control of the hypothalamic–pituitary–adrenal axis,
ognitive function, and anxiety (Duman 2004; Santarelli et al
003). These findings are consistent with the possibility that the
ctions of olanzapine are mediated in part by regulation of
eurogenesis, and further studies will be required to test this
ypothesis.

Atypical but not typical antipsychotic drugs are reported to
roduce beneficial effects in depressed patients (Ghaemi and
oodwin 1999; Rothchild 2003; Sajatovic et al 2002). The poten-

ial clinical relevance of altered neurogenesis in the hippocam-
us is suggested by brain imaging studies demonstrating that
here is a reduction in the volume of hippocampus in patients
ith depression or PTSD (Bremner et al 1995; Frodl et al 2002;
acQueen et al 2003; Mervaala et al 2000; Shah et al 1998;

heline et al 1996, 1999; Steffens et al 2000). In addition, the
eduction in hippocampal volume is inversely proportional to the
mount of time a patient is medicated with an antidepressant
Sheline et al 2003), and reduced hippocampal volume is par-
ially reversed after antidepressant treatment (Vermetten et al
003). It is likely that other morphologic effects, such as regula-
ion of neuropil or dendrite arborization, contribute to the
egulation of hippocampal volume, but regulation of neurogen-
sis could be a contributing factor (Czeh et al 2001; Duman 2004;

Table 2. Summary of the Effects of Chronic Selective Se
Atypical or Typical Antipsychotic drug (APD) Treatment

Brain Region SSRI

Hippocampus Increaseda,b

Prefrontal Cortex Increaseda

Motor Cortex No effecta

Striatum No effecta

Subventricular Zone No effecta,b

The results presented in this table are based on the cu
classes of drugs and brain regions, as indicated. The SSRI
are one or more of the following: olanzapine, clozapine,
indicated for each study below.

aPresent study (tested olanzapine [.5 and 2.0 mg/kg
bMalberg et al 2000 (tested fluxetine [5 mg/kg, 14 and

the next 7 days]).
cWang et al 2004 (tested olanzapine [10 mg/kg] halo
dHalim et al 2004 (tested clozapine [.5 and 20 mg/kg
eWakade et al 2002 (tested olanzapine [2.0 mg/kg], ri
cEwen 1999). On the basis of the results of the present study,
it would be interesting to test the influence of an atypical
antipsychotic on the volume of hippocampus in depressed
patients.

Increased Cell Proliferation in the Prelimbic Cortex
The second major finding of this study is that olanzapine or

fluoxetine administration increases the number of BrdU-labeled
cells in the prelimbic cortex. We have also found that electro-
convulsive seizure administration increases the number of BrdU-
labeled cells in the prefrontal cortex (Madsen et al, in press). As
was observed in the hippocampus, increased cell proliferation in
the prelimbic cortex was dependent on chronic drug treatment.
This effect is consistent with a report (Wang et al 2004) published
since the submission of this article in manuscript form (see Table
2). There was no effect of either olanzapine or fluoxetine on the
number of BrdU-labeled cells in the primary motor cortex or
subventricular zone. Another study has reported that chronic
olanzapine administration increases the number of BrdU-labeled
cells in the subventricular zone (Wakade et al 2002). The reason
for the discrepancy between this previous study and the current
report is not clear but could be due to a difference in the
subregion of subventricular zone examined or the dose of BrdU
administered (50 vs. 150 mg/kg). In the striatum, there was a
tendency for an increase in the number of BrdU-positive cells
that is similar in magnitude to that in hippocampus. This effect is
consistent with the highly significant and robust induction of cell
proliferation reported in a recent study (Wang et al 2004), and
the greater increase could be due to the higher dose of olanza-
pine used (10 mg/kg) relative to the current study (2 mg/kg).

In the current study, we found that the combination of
olanzapine plus fluoxetine did not produce a greater increase in
the number of BrdU-positive cells than either drug alone. This
suggests that fluoxetine alone would be sufficient to produce a
maximum response and therefore could not account for the
augmentation that has been observed clinically; however, the
clinical approach has been to add olanzapine after a patient has
failed to respond to an SSRI like fluoxetine. This was the case in
a study in which olanzapine was added after 6 weeks of
fluoxetine treatment (Shelton et al 2001). There are several
potential explanations for this interaction. One possibility is that
olanzapine and fluoxetine have different proximal effects (e.g.,
blockade of 5-HT2A receptors and 5-HT transporter, respectively)
but have the same downstream or distal effects (e.g., regulation

in Reuptahe Inhibitor (SSRI) Antidepressant and
ell Proliferation in Different Brain Regions

Atypical APD Typical APD

Increaseda,c,d No effectb,c,d,e

Increaseda,c No effectc

No effecta Not tested
Increasedc/trenda No effectc

No effecta/increasedb No effectb

study and recent reports. Each study examined specific
d in these studies is fluoxetine. The atypical APDs tested
eridone and the typical APD is haloperidol at the doses

fluoxetine [5 mg/kg] for 21 days).
ays] and haloperidol [1 mg/kg for 7 days and 2 mg/kg for

ol [2mg/kg] for 21 d).
haloperidol [.5 and 2.0 mg/kg] for 28 days).
one [.5 mg/kg], and haloperidol [.4 mg/kg] for 21 days).
roton
s on C

rrent
teste
or risp

] and
28 d

perid
of intracellular signaling and cell proliferation). If for some

www.elsevier.com/locate/biopsych



r
s
c
a
o
a
o
n
e

p
m
l
a
b
d
G
2
M
a
s
T
n
M
l
N
s
w
e
c
m
r
c
i
(
s
f
e
n
u

m
B
t
i
c
e
l
a
d
k
a
b
2
f
c
a
d

l
i
p
m

578 BIOL PSYCHIATRY 2004;56:570–580 M. Kodama et al

w

eason 5-HT neurotransmission is functioning improperly in a
ubgroup of depressed patients, then olanzapine could increase
ell proliferation by circumventing the proximal target used by
n SSRI. Another possibility is that olanzapine could act by
pposing the effects of stress or depression and might not have
n effect in normal animals. For example, it is possible that
lanzapine blockade of 5-HT2 receptors has little effect under
ormal conditions but blocks the effects of stress on neurogen-
sis.

Analysis of the phenotype of the BrdU-labeled cells in the
relimbic cortex was conducted with a number of different cell
arkers. Triple-labeling studies demonstrate that the BrdU-

abeled cells do not express markers of neurons (NeuN) or
strocytes (S100�). There has been controversy regarding the
irth of new neurons in the adult cerebral cortex, with reports
emonstrating the presence (Altman 1963; Bernier et al 2002;
ould et al 1999, 2001; Kaplan 1981) and absence (Koketsu et al
003; Kornack and Rakic 2001; Korr et al 1973; Wang et al 2004;
adsen et al, in press) of sustained neurogenesis. The discrep-

ncy between these studies could be due to methodologic issues,
uch as the dose of BrdU, tissue freezing, and staining protocols.
here are also reports that insults that cause cell death can induce
eurogenesis in the adult cerebral cortex (Arvidsson et al 2002;
agavi et al 2000). In the present study, many of the BrdU-

abeled cells (approximately 40%) were closely apposed to a
euN-positive cell, as previously reported, and are referred to as
atellite cells (Gould et al 2001). These cells were not labeled
ith S100�. In fact, there were very few cells colabeled with
ither S100� or the oligodendrocyte marker (04) (Table 1),
onsistent with a previous study of the prefrontal cortex of adult
acaque monkeys (Koketsu et al 2003). There is one earlier

eport demonstrating that trauma induces newborn oligodendro-
ytes in adult brain (Ludwin 1984), and we have found colocal-
zation of another oligodendrocyte marker (Rip) with BrdU
Madsen et al, in press); however, we could not obtain significant
taining with the Rip antibody in the present study. The reason
or the discrepancy with the current and previous report (Madsen
t al, unpublished data) is not clear but could be related to a very
arrow titer curve for specific staining or the batch of antibody
sed for this study.

We have also examined the expression of an endothelial cell
arker, RECA-1, and found that approximately 20% of the
rdU-positive cells in the prelimbic cortex were colabeled with

his marker. This is consistent with previous reports demonstrat-
ng that newborn cells in the cerebral cortex express endothelial
ell markers (Korr et al 1973; Mares and Bruckner 1978; Madsen
t al, in press). The percentage of BrdU and RECA-1 double-
abeled cells was the same in the prelimbic regions of vehicle-
nd drug-treated animals, indicating that there was no shift in cell
ifferentiation (Table 1). There are a number of factors that are
nown to influence the formation of endothelial cells and
ngiogenesis, including vascular endothelial growth factor, fibro-
last growth factor-2, and platelet-derived growth factor (Jin et al
002; Newton et al 2003; Raballo et al 2000). Many of these
actors are also reported to influence neurogenesis, to further
omplicate the picture. The role of these factors in the actions of
typical antipsychotic and antidepressant drugs remains to be
etermined.

In contrast to the dentate gyrus, there was no increase in
evels of BrdU-positive cells 4 weeks after BrdU administration,
ndicating that the cells that were induced to proliferate in the
relimbic cortex in response to fluoxetine or olanzapine treat-

ent are not stable. Another possibility is that the newborn cells

ww.elsevier.com/locate/biopsych
in this region continue to divide, which would result a dilution of
BrdU incorporated during the earlier proliferation phase. In
either case, it is possible that the newborn cells serve a short-term
function and are not required to survive for long periods.
Alternatively, it is possible that continued administration of
olanzapine or fluoxetine treatment would result in sustained
survival of newborn cells in the prelimbic cortex. Wang et al
(2004) found a significant increase in the number of BrdU-
labeled cells 2 weeks after BrdU administration, regardless of
whether olanzapine treatment was continued. It is also possible
that the higher dose (10 mg/kg) of olanzapine used in the latter
study could have a more prolonged effect on the survival of
newborn cells.

Electroconvulsive seizure treatment is also reported to in-
crease the number of endothelial cells in the hippocampus
(Hellsten et al 2004) and prefrontal cortex (Madsen et al, in
press). In the hippocampus, endothelial cell proliferation and
neurogenesis occur in close conjunction, leading to the hypoth-
esis of a functional link, referred to as the “vascular niche”
(Palmer et al 2000). There was no association of endothelial cells,
either existing or newborn, with other BrdU-positive cells, in the
prelimbic cortex, indicating that the vascular supply is sufficient
for the cell proliferation in this brain region. The functional
significance of increased endothelial cell proliferation is not
clear, but there is evidence that electroconvulsive seizures in-
crease a number of angiogenic factors, raising the hypothesis that
increased angiogenesis contributes to the actions of antidepres-
sant treatment (Newton et al 2003).

Brain imaging and postmortem studies support the possibility
that altered cell proliferation occurs in depression. Imaging
studies have reported that the volume of the prefrontal cortex is
reduced in patients with depression or bipolar disorder (Drevets
et al 1997). Postmortem studies from several different groups
report a decrease in the density of glia and the size of neuronal
cell bodies in the subgenual, dorsal lateral prefrontal, and
cingulate cortex (Cotter et al 2001, 2002; Ongur et al 1998;
Rajkowska et al 1999). It is possible that a decrease in glia as well
as vascular support contributes to the decrease in neuronal body
size observed in postmortem studies of depressed patients. The
results of the current study are consistent with the hypothesis that
upregulation of cell proliferation in the prelimbic cortex could
block or reverse the decrease in the number of glia observed in
depressed patients. Studies are currently underway to determine
whether exposure to stress or behavioral despair in models of
depression decrease cell proliferation in the prelimbic cortex.

Decreased glia and reduced neuronal body size could influ-
ence the function of the prefrontal cortex, which plays an
important role in cognitive function, such as working memory.
Atypical but not typical antipsychotic agents are reported to
improve cognitive deficits in schizophrenic patients (Harvey et al
2003; Kasper and Resinger 2003; Purdon et al 2000). Depressed
patients also exhibit cognitive difficulties, and atypical antipsy-
chotics could serve to alleviate this symptom of depression.

The results of this study extend previous reports on antide-
pressant regulation of neurogenesis in adult hippocampus to
antidepressant and antipsychotic drug regulation of cell prolifer-
ation in the adult prelimbic cortex. Additional studies will be
required to identify the mechanisms underlying the regulation of
cell proliferation in these two regions and to determine the
interaction of antidepressants and stress. Moreover, functional
studies are required to determine the significance of cell prolif-
eration in both hippocampus and prelimbic cortex with regard to

the behavioral and antidepressant effects of fluoxetine and
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lanzapine, and to determine whether these effects generalize to
ther SSRI and atypical agents. Finally, the results further dem-
nstrate that chronic administration of psychotropic drugs used
or the treatment of mood disorders results in cellular alterations
n limbic brain regions.

This work was supported by United States Public Health
ervice Grants MH45481 and 2 PO1 MH25642, a Veterans
dministration National Center Grant for PTSD, by an investi-
ator-initiated grant from Eli Lilly and Company, and by the
onnecticut Mental Health Center.

ltman J (1963): Autoradiographic investigation of cell proliferation in the
brains of rats and cats. Postnatal growth and differentiation of the mam-
malian brain, with implications for a morphological theory of memory
Anat Rec 145:573–591.

rvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O (2002): Neuronal replace-
ment form endogenous precursors in the adult brain after stroke. Nat
Med 8:963–970.

anasr M, Hery M, Printemps R, Daszuta A (2004): Serotonin-induced in-
creases in adult cell proliferation and neurogenesis are mediated
through different and common 5-HT receptor subtypes in the dentate
gyrus and the subventricular zone. Neuropsychopharmacology 29:450 –
460.

ernier PJ, Bedard A, Vinet J, Levesque M, Parent A (2002): Newly generated
neurons in the amygdala and adjoining cortex of adult primates. Proc
Natl Acad Sci U S A 99:11464 –11469.

lazer D (2000): Mood Disorders: Epidemiology. New York: Lippincott, Wil-
liams and Wilkins.

remner JD, Randall P, Scott TM, Bronen RA, Seibyl JP, Southwick SM, et al
(1995): MRI-based measurement of hippocampal volume in patients
with combat-related posttraumatic stress disorder. Am J Psychiatry 152:
973–981.

ameron H, McKay RDG (2001): Adult neurogenesis produces a large pool
of new granule cells in the dentate gyrus. J Comp Neurol 435:406 –
417.

otter D, Mackay D, Chana G, Beasley C, Landau S, Everall IP (2002): Reduced
neuronal size and glial cell density in area 9 of the dorsolateral prefrontal
cortex in subjects with major depressive disorder. Cereb Cortex 12:386 –
394.

otter D, Mackay D, Landau S, Kerwin R, Everall I (2001): Reduced glial cell
density and neuronal size in the anterior cingulate cortex in major de-
pressive disorder. Arch Gen Psychiatry 58:545–553.

zeh B, Michaelis T, Watanabe T, Frahm J, de Biurrun G, van Kampen M, et al
(2001): Stress-induced changes in cerebral metabolites, hippocampal
volume, and cell proliferation are prevented by antidepressant treat-
ment with tianeptine. Proc Natl Acad Sci U S A 98:12796 –12801.

awirs R, Hildebrandt K, Teuchert-Noodt G (1998): Adult treatment with
haloperidol increases dentate granule cell proliferation in the gerbil
hippocampus. J Neural Trans 105:317–327.

revets WC, Price JL, Simpson JR, Todd RD, Reich T, Vannier M, et al (1997):
Subgenual prefrontal cortex abnormalities in mood disorders. Nature
386:824 – 827.

uman RS (2004): Depression: A case of neuronal life and death? Biol Psychi-
atry 56:140 –145.

rodl T, Meisenzahl EM, Zetzsche T, Born C, Groll C, Jager M, et al (2002):
Hippocampal changes in patients with a first episode of major depres-
sion. Am J Psychiatry 159:1112–1118.

haemi S, Goodwin FK (1999): Use of atypical antipsychotic agents in bipo-
lar and schizoaffective disorders: Review of the empirical literature. J Clin
Psychopharmacol 19:354 –361.

ould E, McEwen BS, Tanapat P, Galea LAM, Fuchs E (1997): Neurogenesis in
the dentate gyrus of the adult tree shrew is regulated by psychosocial
stress and NMDA receptor activation. J Neurosci 17:2492–2498.

ould E, Reeves AJ, Graziano MSA, Gross CG (1999): Neurogenesis in the
neocortex of adult primates. Science 286:548 –552.

ould E, Vail N, Wagers M, Gross CG (2001): Adult-generated hippocampal
and neocortical neurons in macaques have a transient existence. Proc

Natl Acad Sci U S A 98:10910 –10917.
Halim ND, Weichert CS, McClintock BW, Weinberger DR, Lipska BK (2004):
Effects of chronic haloperidol and clozapine treatment on neurogen-
esis in the adult rat hippocampus. Neuropsychopharmacology 29:
1063–1069.

Harvey P, Green MF, McGurk SR, Meltzer HY (2003): Changes in cognitive
functioning with risperidone and olanzapine treatment: A large-
scale, double-blind, randomized study. Psychopharmacology
169:404 – 411.

Hellsten J, Wennstrom M, Mohapel P, Ekdahl CT, Bengzon J, Tingstrom A
(2002): Electroconvulsive seizures increase hippocampal neurogenesis
after chronic corticosterone treatment. J Neurosci 16:283–290.

Hirose S, Ashby CRJ (2002): An open pilot study combining risperidone and
a selective serotonin reuptake inhibitor as initial antidepressant therapy.
J Clin Psychiatry 63:733–736.

Jin K, Zhu Y, Yunjuan S, Mao XO, Xie L, Greenberg DA (2002): Vascular
endothelial growth factor. Proc Natl Acad Sci U S A 99:11946 –11950.

Kaplan MS (1981): Neurogenesis in the 3-month-old rat visual cortex. J Comp
Neurol 195:323–338.

Kasper S, Resinger E (2003): Cognitive effects and antipsychotic treatment.
Psychoneuroendocrinology 28:27–38.

Koketsu D, Mikami Y, Hisatsune T (2003): Nonrenewal of neurons in the
cerebral neocortex of adult macaque monkeys. J Neurosci 23:937–942.

Kornack D, Rakic P (2001): Cell proliferation without neurogenesis in adult
primate neocortex. Science 294:2127–2129.

Korr H, Schultze B, Maurer W (1973): Autoradiographic investigations of glial
proliferation in the brain of adult mice. I. The DNA synthesis phase of
neuroglia and endothelial cells. J Comp Neurol 150:169 –175.

Krishnan KR, McDonald WM, Escalona PR, Doraiswamy PM, Na C, Husain MM,
et al (1992): Magnetic resonance imaging of the caudate nuclei in de-
pression. Preliminary observations. Arch Gen Psychiatry 49:553–557.

Kuroki T, Meltzer HY, Ichikawa J (1999): Effects of antipsychotic drugs on
extracellular dopamine levels in rat medial prefrontal cortex and nucleus
accumbens. J Pharmacol Exp Ther 288:774 –781.

Li X, Chlan-Fourney J, Juorio AV, Bennet VL, Shrikhande S, Keegan DL, et al
(1999): Differential effects of olanzapine on the gene expression of su-
peroxide dismutase and the low affinity nerve growth factor receptor.
J Neurosci Res 56:72–75.

Li X-M, Perry KW, Wong DT, Bymaster FP (1998): Olanzapine increases in vivo
dopamine and norepinephrine release in rat prefrontal cortex, nucleus
accumbens and striatum. Psychopharmacology 136:153–161.

Ludwin S (1984): Proliferation of mature oligodendrocytes after trauma to
the central nervous system. Nature 308:274 –275.

MacQueen G, Campbell S, McEwen BS, Macdonald K, Amano S, Joffe RT, et al
(2003): Course of illness, hippocampal function, and hippocampal vol-
ume in major depression. Proc Natl Acad Sci U S A 100:1387–1392.

Madsen T, Treschow A, Bengzon J, Bolwig TG, Lindvall O, Tingström A (2000):
Increased neurogenesis in a model of electroconvulsive therapy. Biol
Psychiatry 47:1043–1049.

Madsen TM, Yeh DD, Valentine GW, Duman RS (in press): Electroconvulsive
seizure treatment increases cell proliferation in rat frontal cortex. Neuro-
psychopharmacology.

Magavi S, Leavitt BR, Macklis JD (2000): Induction of neurogenesis in the
neocortex of adult mice. Nature 405:951–955.

Malberg J, Duman RS (2003): Cell proliferation in adult hippocampus is
decreased by inescapable stress: Reversal by fluoxetine treatment. Neu-
ropsychopharmacology 28:1562–1571.

Malberg J, Eisch AJ, Nestler EJ, Duman RS (2000): Chronic antidepressant
treatment increases neurogenesis in adult hippocampus. J Neurosci 20:
9104 –9110.

Manev H, Uz T, Smalheiser NR, Manev R (2001): Antidepressants alter cell
proliferation in the adult brain in vivo and in neural cultures in vitro. Eur
J Pharmacol 411:67–70.

Manji H, Drevets WC, Charney DS (2001): The cellular neurobiology of de-
pression. Nat Med 7:541–547.

Marek G, Carpenter LL, McDougle CJ, Price LH (2003): Synergistic action of
5-HT2A antagonists and selective serotonin reuptake inhibitors in
neuropsychiatric disorders. Neuropsychopharmacology 28:402–12.

Mares V, Bruckner G (1978): Postnatal formation of non-neuronal cells in the
rat occipital cerebrum: An autoradiographic study of the time and space
pattern of cell division. J Comp Neurol 177:519 –528.

McEwen B (1999): Stress and hippocampal plasticity. Curr Opin Neurobiol

5:205–216.

www.elsevier.com/locate/biopsych



M

M

N

N

N

O

O

P

P

P

P

R

R

R

R

S

S

580 BIOL PSYCHIATRY 2004;56:570–580 M. Kodama et al

w

eltzer H, Li Z, Kaneda Y, Ichikawa J (2003): Serotonin receptors: Their key
role in drugs to treat schizophrenia. Prog Neuropsychopharmacol Biol
Psychiatry 27:1159 –1172.

ervaala E, Fohr J, Kononen M, Valkonen-Korhonen M, Vainio P, Partanen K,
et al (2000): Quantitative MRI of the hippocampus and amygdala in
severe depression. Psychol Med 30:117–125.

akagawa S, Kim J-E, Lee R, Malberg JE, Chen J, Steffen C, et al (2002):
Regulation of neurogenesis in adult mouse hippocampus by cAMP and
cAMP response element-binding protein. J Neurosci 22:3673–3682.

estler E, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM (2002):
Neurobiology of depression. Neuron 34:13–25.

ewton S, Collier E, Hunsberger J, Adams D, Salvanayagam E, Duman RS
(2003): Gene profile of electroconvulsive seizures: Induction of neuro-
genic and angiogenic factors. J Neurosci 23:10841–10851.

ngur D, Drevets WC, Price JL (1998): Glial reduction in the subgenual
prefrontal cortex in mood disorders. Proc Natl Acad Sci U S A 95:13290 –
13295.

stroff R, Nelson JC (1999): Risperidone augmentation of SSRIs in major
depression. J Clin Psychiatry 60:256 –259.

almer T, Willhoite AR, Gage FH (2000): Vascular niche for adult hippocam-
pal neurogenesis. J Comp Neurol 425:479 – 494.

arashos IA, Tupler LA, Blitchington T, Krishnan KR (1998): Magnetic-reso-
nance morphometry in patients with major depression. Psychiatry Res
84:7–15.

axinos G, Watson GC (1997): The Rat Brain, 3rd ed. San Diego: Academic
Press.

urdon S, Jones BD, Stip E, Labelle A, Addington D, David SR, et al (2000):
Neuropsychological change in early phase schizophrenia during 12
months of treatment with olanzapine, risperidone, or haloperidol. Arch
Gen Psychiatry 57:249 –258.

aballo R, Rhee J, Lyn-Cook R, Leckman JF, Schwartz ML, Vaccarino FM
(2000): Basic fibroblast growth factor (Fgf2) is necessary for cell prolifer-
ation and neurogenesis in the developing cerebral cortex. J Neurosci
20:5012–5023.

ajkowska G, Miguel-Hidalgo JJ, Wei J, Dilley G, Pittman SD, Meltzer, HY, et al
(1999): Morphometric evidence for neuronal and glial prefrontal cell
pathology in major depression. Biol Psychiatry 45:1085–1098.

iva M, Molteni R, Tascedda F, Massironi A, Racagni G (1999): Selective
modulation of fibroblast growth factor-2 expression in the rat brain
by the atypical antipsychotic clozapine. Neuropharmacology 38:1075–
1082.

othchild A (2003): Challenges in the treatment of depression with psy-
chotic features. Biol Psychiatry 53:680 – 690.

ajatovic M, Mullen JA, Sweitzer DE (2002): Efficacy of quetiapine and risperi-
done against depressive symptoms in outpatients with psychosis. J Clin
Psychiatry 63:1156 –1163.

antarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, et al (2003):

Requirement of hippocampal neurogenesis for the behavioral effects of
antidepressants. Science 301:805– 809.

ww.elsevier.com/locate/biopsych
Shah P, Ebmeier KP, Glabus MF, Goodwin GM (1998): Cortical grey matter
reduction associated with treatment-resistant chronic unipolar depres-
sion. Br J Psychiatry 172:527–532.

Sheehan T, Neve RL, Duman RS, Russell DS (2003): Antidepressant effect of
the calcium-activated tyrosine kinase Pyk2 in the lateral septum. Biol
Psychiatry 54:540 –551.

Sheline Y, Gado MH, Kraemer HC (2003): Untreated depression and hip-
pocampal volume loss. Am J Psychiatry 160:1–3.

Sheline Y, Sanghavi M, Mintun MA, Gado MH (1999): Depression dura-
tion but not age predicts hippocampal volume loss in medically
healthy women with recurrent major depression. J Neurosci 19:5034 –
5043.

Sheline Y, Wany P, Gado MH, Csernansky JG, Vannier MW (1996): Hippocam-
pal atrophy in recurrent major depression. Proc Natl Acad Sci U S A 93:
3908 –3913.

Shelton R (2003): The use of antidepressants in novel combination thera-
pies. J Clin Psychiatry 64:14 –18.

Shelton R, Tollefson GD, Tohen M, Stahl S, Gannon KS, Jacobs TG, et al (2001):
A novel augmentation strategy for treating resistant major depression.
Am J Psychiatry 158:131–134.

Steffens D, Byrum CE, McQuoid DR, Greenberg DL, Payne ME, Blitchington
TF, et al (2000): Hippocampal volume in geriatric depression. Biol Psychi-
atry 48:301–309.

Vaidya V, Marek GJ, Aghajanian GA, Duman RS (1997): 5-HT2A receptor-
mediated regulation of BDNF mRNA in the hippocampus and the neo-
cortex. J Neurosci 17:2785–2795.

van der Hart M, Czeh B, de Biurrun G, Michaelis T, Watanabe T, Natt O, et al
(2002): Substance P receptor antagonist and clomipramine prevent stress-
induced alterations in cerebral metabolites, cytogenesis in the dentate gy-
rus and hippocampal volume. Mol Psychiatry 7:933–941.

Vermetten E, Vythilingam M, Southwick SM, Charney DS, Bremner JD (2003):
Long-term treatment with paroxetine increases verbal declarative
memory and hippocampal volume in posttraumatic stress disorder. Biol
Psychiatry 54:693–702.

Wakade C, Mahadik SP, Waller JL, Chiu FC (2002): Atypical neuroleptics
stimulate neurogenesis in adult rat brain. J Neurosci Res 69:72–79.

Wang HD, Dunnavant FD, Jarman T, Deutch AY (2004): Effects of antipsy-
chotic drugs on neurogenesis in the forebrain of the adult rat. Neuropsy-
chopharmacology 29:1230 –1238.

Weiner I, Schiller D, Gaisler-Salomon I, Green A, Joel D (2003): A comparison
of drug effects in latent inhibition and the forced swim test differentiates
between the typical antipsychotic haloperidol, the atypical antipsychot-
ics clozapine and olanzapine, and the antidepressants imipramine and
paroxetine. Behav Pharmacol 14:215–222.

Zhang W, Perry KW, Wong DT, Potts BD, Bao J, Tollefson GD, et al (2000):
Synergistic effects of olanzapine and other antipsychotic agents
in combination with fluoxetine on norepinephrine and dopamine

release in rat prefrontal cortex. Neuropsychopharmacology 23:250 –
262.


	Chronic Olanzapine or Fluoxetine Administration Increases Cell Proliferation in Hippocampus and Prefrontal Cortex of Adult Rat
	Methods and Materials
	Animals
	Drug Treatment Protocols
	Bromodeoxyuridine Administration
	Immunohistochemistry
	Quantitation of BrdU Labeling
	Statistical Analysis

	Results
	Chronic Administration of Olanzapine or Fluoxetine Increases Cell Proliferation in the Hippocampus
	Chronic Administration of Olanzapine or Fluoxetine Increases Cell Proliferation in the Prelimbic Cortex
	Influence of Subchronic Olanzapine and Fluoxetine on Cell Proliferation in the Dentate Gyrus and Prelimbic Cortex
	Influence of Olanzapine and Fluoxetine Administration on the Survival of BrdU-Labeled Cells
	Characterization of the Phenotype of BrdU-Labeled Cells

	Discussion
	Olanzapine and Increased Neurogenesis in the Hippocampus
	Increased Cell Proliferation in the Prelimbic Cortex



